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Abstract
The increasing severe plastic issue has brought the biodegradable polymers into the top researching
field. The various bioplastics become a promising way to reduce the solid waste and boost the
sustainable development of the world. This study focused on the performance of ternary blend of
PLA, PCL and TPS. All these three materials are playing an essential role in the bioplastic industry
due to their outstanding properties and 100% biodegradable. However, the drawbacks of each
material limited its application in packaging. This study aimed to overcome the shortcomings by
blending PLA, PCL and TPS in an optimal composition, and proper compatibilizer was also
introduced to improve the biodegradation performance of the blend. According to the requirements
of study, the mechanical, thermal, TEM, biodegradation and water uptake tests were conducted to
analyze the effect of material proportion and compatibilizer on the properties of PLA/PCL/TPS
ternary blend. Three different compositions of PLA, PCL and TPS were produced and analyzed in
the first stage of study, which were PLA20/PCL40/TPS40, PLA30/PCL40/TPS40 and
PLA40/PCL40/TPS20. After evaluating the mechanical and biodegradation performance, the
blend PLA20/PCL40/TPS40 was selected for the next experiment which was mixing with varied
amount of the compatibilizer, vanillin. The addition of vanillin made a slight difference on the
thermal properties. The tensile strength decreased after mixed with vanillin, whereas the modulus
improved when the amount of vanillin was 5 wt% and the elongation increased when added 2.5
wt% vanillin. The biodegradation test was successfully operated in aerobic soil environment. The
blends presented a good biodegradability and all samples completely biodegraded after 16-weeks
burial. The results indicated that the optimal amount of vanillin was 5 wt%, which improved the
biodegrading process of PLA20/PCL40/TPS40 ternary blend without significant effect on thermal
properties and it maintained the mechanical properties at relatively ideal situation.
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1. Introduction
Over the last few decades, plastics have been taken a great proportion in the packaging
market due to their great performance of flexibility, transparency, stability and light weight. In
spite of their good properties, plastics also cause a series of environmental problems. The overuse
of kinds of plastics has resulted in the pollution of air, land, ground water and oceans, which
adversely affect humans and wildlife. According to the 2015 Fact Sheet reported by United States
Environmental Protection Agency, the recycling rate of plastic was only 9.1%, whereas more than
75% of plastic was landfilled (United States Environmental Protection Agency, 2018). At same
time, it is stated that 63% of the plastic waste came from the packaging applications (Muller,
González-Martínez, & Chiralt, 2017). Thus, it is essential to find out an effective way to reduce
the plastic packaging waste. With the raising awareness of sustainability, biodegradable plastics
(bioplastics) are taking place of conventional petroleum-based plastics globally, serving as an
alternative solution to alleviate the over-loaded landfills by reducing plastic waste (Mittal, Akhtar,
& Matsko, 2015). More and more researchers and industries has focused on the development of
biodegradable plastics. A recent research announced that the global biodegradable plastics (such
as PLA, PCL, starch blends, regenerated cellulose, PBS & PBA) market was 19.54 billion USD in
2016, and it is estimated to reach 65.58 billion USD in 2022 (Research and Markets, 2017).
1.1 Poly-l-lactide (PLA)
Among the wide variety of bioplastics, Poly-l-lactide (PLA) has received much attention
because of its good tensile strength and high modulus. PLA is a semi-crystalline thermoplastics
derived from the fermentation of 100% renewable and biodegradable resources (corn starch or
other crop sources), and it is produced by Ring-Opening Polymerization (ROP) of lactide and
lactide acid monomers (Davachi et al., 2017; Mittal, Akhtar, Luckachan, & Matsko, 2014). Due to

1

great biocompatibility and physical properties, PLA has raised a high interest in the commercial
industry. Production of PLA resin pellets reduces 25 to 55% fossil energy use compared to
petroleum-based polymers (Xiao, Wang, Yang, & Gauthier, 2012). The Finnish company Paptic
created one kind of PLA-based bioplastics composite paper using a novel wood fiber (“Bio-based
Materials” conference and Award, 2017). Despite of good properties, PLA still has some
drawbacks like low resistance to humidity and heat, and brittleness which results in a serious
physical aging problem (Davachi et al., 2017; Mittal et al., 2014). In order to overcome these
shortcomings and obtain PLA products with desired properties, it is promising way to blend PLA
with other biodegradable resins, like PCL and starch.
1.2 Poly-(-caprolactone) (PCL)
Poly-(-caprolactone) (PCL) is a semi crystalline thermoplastics polyester with good
biodegradability and biocompatibility. PCL is a ductile polymer which has a high elongation value
of 700%, and it also has relatively low melting temperature of 60 °C which allows an easy
formation with less energy used (Pawar & Purwar, 2013). Based on these properties, there are
several studies have been conducted on the research of PLA/PCL blend. And it was proved that
the blend of PLA/PCL has complemented the shortcomings of each material (Dell, Groeninckx,
Maglio, Malinconico, & Migliozzi, 2001; Maglio, Malinconico, Migliozzi, & Groeninckx, 2004).
Qin et al. (2015) applied PLA/PCL blend films with improved antibacterial and physicochemical
properties to the package of mushroom, which showed good water vapor permeability and reduced
the microbial counts efficiently. However, the high cost of these bio polymers like PLA and PCL
is still one of limitations to industrial utilization. Due to the concern of cost, finding out a low-cost
material to blend with, such as starch, is a route to reduce the cost of raw material.
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1.3 Starch
Starch is one of the cheapest biodegradable polymers and can be found abundantly from
many natural resources, such as potato, corn, wheat and so on. Starch is regard as a crystalline
material because of its composition of linear amylose and highly branched amylopectin. It is easy
to obtain with a low cost. Most of starch-based materials are thermoplastic, which is also called
Thermoplastic Starch (TPS). TPS is usually made by modifying the starch through gelatinization,
which is to add a plasticizer material to destroy the crystalline structure of starch, heating the
material and then extruding it (Mittal et al., 2015; Pawar & Purwar, 2013). However, compared
with other petroleum-based polymers, TPS exhibits weak mechanical properties. When it comes
to moisture, TPS is very sensitive and it becomes more unstable. Some studies announced that
these drawbacks can be overcome by blending with other polymers, like PCL and PLA.
1.4 PLA/PCL/Starch Blends
PLA and Starch are two desired polymers for the blend because of their complementary
properties. However, the immiscible phenomenon between these two phases was found in the
studies, many researchers have addressed different kinds of compatibilizers to increase the
compatibility of PLA and starch blend. Zhang & Sun (2004) prepared PLA/Starch blends with
maleic anhydride as compatibilizer to improve the interfacial adhesion between PLA and starch.
The result indicated that the blend showed better mechanical properties compared to pure
PLA/Starch composite. Wang et al. (2002)used 0.5 wt. % of Methylene diphenyl diisocyanate
(MDI) to obtain the PLA/Starch blend with higher tensile strength and better microstructure. The
incorporation of varieties of compatibilizers offers a good solution to the immiscible issue between
two or more polymers blends.
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1.5 Vanillin
Vanillin (4-hydroxy-3-methoxybenzaldehyde) is the main constituent of vanilla pods,
which is used widely in food, beverages, perfumery and pharmaceutical industries. Currently,
vanillin is one of the only bio-based and aromatic compounds that are industrially produced (Fache,
Boutevin, & Caillol, 2015). Since the bio-based cross-linking structure, vanillin has been
incorporated into kinds of polymers to obtain a better performance. Zhang et al. (2015) modified
chitosan films with different amount vanillin and found that the tensile strength of composite films
was improved by 53.3%. They also validated that with the addition of vanillin with 0.5 ~ 10%
concentration, the films exhibited a good compatibility, and the chitosan film with 5% vanillin had
the optimal mechanical properties. In one of the researches of food packaging application, the
authors found that the polyhydroxybutyrate (PHB) films incorporated with vanillin had inhibitory
effect again bacterial and fungal bacterial food contaminants, which is good for extending the shelf
life of foods in the form of biodegradable wrapper (Xavier, Babusha, George, & Ramana, 2015).
1.6 Biodegradation
Biodegradation is a degrading process caused by biological activity, especially by
enzymatic action, leading to a change in the chemical structure of material. Depending on the
degrading environment, the biodegradation could be divided into two categories: aerobic
biodegradation and anaerobic biodegradation. The reacting processes are as follows:
Aerobic biodegradation:
CPOLYMER + O2  CO2 + H2O + CRESIDUE + CBIOMASS

(1.1)

Anaerobic biodegradation:
CPOLYMER  CO2 + H2O + CH4 + CRESIDUE + CBIOMASS

(1.2)
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Biodegradation is a long-lasting process (from a few months to years), and due to its
biological nature, there are many factors would affect the degradation rate. Some of them are
environment-related factors, like microorganism, temperature, moisture, and oxygen availability.
Microorganism As the major element in the biodegradation process, microorganism is the
first important factor which is to ensure the breakdown of molecular structure of plastics, and then
the plastic could be fully assimilated by the environment. Regarding to this, the other factors, like
temperature, moisture and oxygen, are crucial to support the bioactivity of microorganism.
Temperature In general, a higher temperature could accelerate the reacting process.
However, temperatures above 60 °C might kill some bacteria and reduce the moisture, and then
affect the biodegradation rate. According to the research, it is recommended that a temperature
between 54 ~ 60 °C is good for boosting the process of biodegradation (Castro-Aguirre, Auras,
Selke, Rubino, & Marsh, 2017).
Moisture Moisture is another essential factor for the biodegradation process, since it is one
of the basic living elements for the microorganism. Proper percentage of moisture (50 ~ 60%)
helps in the microbial development and metabolic activity and strengthen the further
biodegradation of plastics. At the same time, excess water should be avoided in an aerobic
biodegradation process. Because the excess water may influence the air circulation and decrease
the oxygen availability.
Oxygen For the aerobic biodegradation, proper amount of oxygen is helpful for the
respiratory action of microorganism. Thus, it is important to control the air flow rate. A low air
flow rate can impede the microbial respiration and then affect their biological activity. Conversely,
too much air would decrease the moisture and temperature of the degrading environment and then
slow down the degrading rate.
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1.7

Thesis Statement
Based on the researches as mentioned above, there are many studies have been conducted

on researching the blends of different bio-polymers, some of them focused on the development of
new biopolymer blends. Some of them studied the interface modification of current biopolymer
composites. However, there is a few studies to reveal the biodegrading performance of ternary
blend of PLA/PCL/TPS, especially with the addition of vanillin as a compatibilizer. It is found
that the biodegradation rate of PCL and PLA are both less than 10% after 6 weeks’ incubation in
soil condition (Araújo, Oliveira, Oliveira, Botelho, & Machado, 2014; Huang, Cui, Yan, Huang,
& Zhang, 2016). In order to find out the alternatives to improve the degrading rate of PLA and
PCL, it’s necessary to study the biodegrading effect of TPS in PLA/PCL blends. And the
incorporation of proper compatibilizer is also essential to modify the miscibility of PLA, PCL and
TPS blends.
The goal of this study is to understand the effects of blending PLA, PCL, and TPS on the
biodegradation rate of various blend composition, and to analyze the effects of the amount of
vanillin on the mechanical and biodegrading performance in the blends. The objective of this study
was to find the optimal proportion of PLA, PCL, and TPS in the blend so as to achieve a high
biodegradation rate which will be a good alternative for reducing the packaging waste, while
maintaining a balanced packaging performance.
1.7.1 Hypothesis
•

Blends of PLA/PCL/TPS can render a material with good balance of performance and
biodegradation.

•

Vanillin can be used as a naturally derived compatibilizer to improve both
performance and biodegradability.
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•

Water uptake can be used as an indicator for the biodegradability of material in the
aerobic condition.

1.7.2 Specific Objectives
•

Evaluate the effect of blend composition on mechanical properties.

•

Evaluate the effect of blend composition on biodegradation rates.

•

Analyze the effect of vanillin on the properties of blends.
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2. Literature Review
Nowadays, more and more environment concerns caused by accumulated plastic waste
have become an inevitable fact in the public. Biopolymers have been introduced diffusely to reduce
the plastic waste in landfills and alleviate the burden of environment. Castro-Aguirre et al. (2016)
gave a detailed review of PLA, including the production, processing, industrial applications and
end of life. Melting process is the main producing technique to produce high molecular weight
PLA in an industrial scale. The high Mw PLA can be processed by injection molding, sheet and
film extrusion, blow molding, foaming, and thermoforming, and then converted into end products
like packaging and some other applications. This paper also presented the researches on the
blending of PLA with other biodegradable and non-biodegradable resins in order to achieve some
particular desired properties and modify the limitations of PLA itself (e.g., poor toughness). The
Figure 2.1 showed the various materials blended with PLA. These extensive researches on
improving the mechanical properties of PLA have brought PLA into a wider industrial field and
extended its application, like the commercial packaging application. In addition, the modified PLA
blends with improved mechanical and thermal properties also have a broad use on plasticulture
industry. Plasticulture means the use of plastic for agriculture applications. In this field,
commercialized PLA-based mulch films (PLA blended with other biodegradable polyesters) are
produced with addition of plasticizers. These films are able to be biodegraded faster after use.
Therefore, it is very meaningful to study the blends of PLA with other biodegradable polymers, as
well as the discovery of proper compatibilizers.
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Figure 2.1 Biodegradable and non-biodegradable blends of PLA polymers
(Picture from: Poly(lactic acid) – Mass production, processing, industrial applications, and end of life. CastroAguirre, Iñiguez-Franco, Samsudin, Fang, & Auras, 2016)

Melting process, as the most commonly used technique for PLA mass production, is also
a good way to process PLA with other biopolymers blends. Urquijo, Guerrica-Echevarría, &
Eguiazábal (2015) studied the effect of two processing method, injection molding and hot pressing,
on phase structure and mechanical properties of melt processed PLA/PCL blends. The results
identified that the melt blended and injection molded PLA/PCL blends presented a better
mechanical property, the stiffness of the blends decreased and the elongation was improved to
140%. In another study, the authors obtained the PLA/PCL blend by melt-mixing and compression
molding combined with fast cooling process (Ostafinska et al., 2015). The blends produced by this
specific process showed an optimal morphology and proper improvement of toughness. In addition
to the processing method, they also mentioned that the promising composition of the blend was
PLA80/PCL20 by weight which yield a well-balanced of stiffness and toughness.
Chitosan, as the second most abundant biopolymer in the nature, is one of potential
materials could be blended with PLA. In the study of biodegradable films made from chitosan and
PLA blends, the poor moisture resistance of chitosan film has been overcome by incorporating
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hydrophobic PLA. However, the tensile strength and elastic modulus of chitosan decreased with
addition of PLA which demonstrated that the chitosan and PLA are immiscible. The FTIR analysis
also revealed the absence of specific interaction between chitosan and PLA.
The phenomenon of incompatibility between two or more biopolymers exists in many
cases, even in the studies of PLA/PCL blends which are mentioned above. In these studies, some
particular desired properties have been achieved, like improving the toughness of PLA by mixing
with PCL or improving the water vapor barrier of chitosan by blending with PLA. However, the
incompatibility of these biopolymers is still an issue which may impede the development of
bioplastic industry. It is essential to analyze the effect of plasticizer or compatibilizer in the
biodegradable blends.
In a recent study, Moghaddam, Razavi, & Jahani (2018) analyzed the effect of maleic
anhydride grafted PLA (PLA-g-MA) on the blend of polylactic acid plasticized with acetyl tributyl
citrate (P-PLA) and thermoplastic wheat starch (TPS). The analysis proved that the P-PLA/TPS
(70/30 by weight) blend with 4 phr PLA-g-MA as the compatibilizer achieved the optimal
morphological and mechanical properties. The SEM picture showed that the blend with PLA-gMA did help to improve the distribution of TPS particles in the phases, especially with 4 phr PLAg-MA. With this amount of compatibilizer, the tensile strength of the blend increased by 158%
and elongation at break increased by 276%. In addition to the improvements of PLA/TPS blends
obtained by incorporating maleic anhydride grafted PLA, this compatibilizer also modified the
properties of PLA/PCL blend. The research conducted by Gardella, Calabrese, & Monticelli (2014)
focused on investigating the effect of PLA-g-MA on PLA/PCL blend. They demonstrated that the
presence of PLA-g-MA effectively decreased the size of PCL particles in the blend. And the
interfacial adhesion between PLA and PCL phases improved with the increasing of PLA-g-MA
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amount. They denoted that a full compatibilization could be accomplished by replacing the PLA
with PLA-g-MA completely.
As a matter of fact, the problem of incompatibility also occurred in the PLA/PCL/TPS
ternary blends. In this case, methylene diphenyl diisocyanate (MDI) was used for modifying the
interfacial adhesion between ternary PLA/PCL/TPS blends by Carmona et al., the tensile strength
and ductility of the blends was improved efficiently by incorporating 2 wt. % MDI (Carmona,
Corrêa, Marconcini, & Mattoso, 2015). Nevertheless, the EU Commission Communication
2008/C 34/01 stated that MDI is a harmful substance which is not qualified for food packaging
applications (Commission communication on the results of the risk evaluation and the risk
reduction strategies for the substances, 2008). Other than MDI, Davoodi et al. (2016) used
triclosan/nHA as the compatibilizer to improve the miscibility of PLA/PCL/TPS blends, and the
improved ternary blend suits for food packaging application. They also specified that with the
increasing content of PCL, the interfacial affinity was also improved, and 50:20:30 was the
optimum ratio for PLA/PCL/Starch in this study.
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3. Methodology
3.1 Materials
PLA 4043D (NatureWorks, USA) and PCL CAPA 6800 (Perstorp, UK) were used in the
blend composition. The corn starch (MP Biomedicals, USA) and glycerol (VWR, USA) were used
to make thermoplastic starch (TPS). The vanillin (Fluka, USA) was used as the compatibilizer in
the blends.
3.2 Processing
Thermoplastic starch (TPS) was made using a CWB Brabender machine (C.W. Brabender
Instrument, USA) with a 7:3 starch to glycerol ratio and with 1-part water added to total mix,
maintained at 100 °C for 8 mins with a speed of 50 rmp. During the mixing process, the mixer was
run open to allow venting of water vapor. After 8 mins, removed the melted TPS from the screw
and put it on the Teflon sheet to be pressed by the compression molder (Model 4391, Carver, USA)
with 2.5 tons pressure, and held the pressure for 1 minute.
The ternary PLA/PCL/TPS were prepared by an internal shear mixer. In the blends, the
content of PCL was fixed as 40% and the contribution of PLA and TPS varied in the blend
composition. According to the composition, the blends were denoted as PLA10/PCL40/TPS50,
PLA20/PCL40/TPS40, PLA30/PCL40/TPS30, PLA40/PCL40/TPS20. Finally, different amount
of vanillin was added to the PLA20/PCL40/TPS40 blend as the compatibilizer, the amounts of
vanillin were 0, 2.5 wt%, 5 wt%, and 7.5 wt% respectively.
The PLA granule, PCL granule and TPS were blended together by using CWB Brabender
machine with 180 °C for 8 mins with a speed of 50 rmp. During the mixing process, PLA and PCL
were added and then melted for 2 mins, and TPS was added gradually to help mixing evenly. Then
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vanillin was added into the mixer as the compatibilizer. The blend sheet was made through
compression molding with 2.5 tons pressure and held the pressure for 1 minute.
3.3 Packaging Property Tests
3.3.1 Mechanical Properties Test
The mechanical properties of all blends were determined by an Instron tensile testing
machine (Model Instron 5567) with a crosshead speed of 10 mm/min at room temperature,
according to ASTM D638. The samples were conditioned at 23 ± 2 °C and 50 ± 5% RH for 24
hours before testing. The dog-bone shaped specimens were prepared according to ASTM D638
type IV standard, and thickness of each specimen was measured before testing. The data of tensile
strength (M/Pa), elastic modulus (M/Pa) and elongation at break (%) were collected from the
tester, and 6 specimens were used for each sample to obtain an average value.
3.3.2 Differential Scanning Calorimetry (DSC)
The sample amounts for DSC test were between 5 and 8 mg by following ASTM D341,
and the DSC Q100 machine (TA Instrument, USA) was used to carry the test, TA Universal
Analysis system was used to analyze the data in this study. The following temperature cycle was
applied for blends: heating at 10 °C min-1 from 20 to 250 °C; temperature held constant at 250 °C
for 5 min; followed by cooling at 10 °C min-1 until reaching 20 °C. The temperature was held at
20 °C for 5 min. Then, a second heating-cooling cycle was run using same conditions as the first
cycle, as given above. The temperature of melting (Tm) and the enthalpy of melting (Hm) were
determined from the temperature and area of melting peaks of DSC heating thermograms of
samples.
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3.3.3 Transmission Electron Microscopy Analysis (TEM)
The samples were embedded in epoxy resin and then ultramicrotomed by Reichert-Jung
Ultracut E at -80 °C with approximately 100nm in thickness. TEM photographs were taken with a
JEOL 100CX-II scanning electron microscope at a magnification between 1500X and 29000X, at
room temperature.
3.3.4 Water Absorption Test
The water absorption test conducted in this study was followed ASTM D570. The sample
were cut into 75mm x 25mm film strips, and 3 specimens per sample. The samples ware dried in
the oven for 24h at 50 ± 3 °C, cooled in a desiccator, and immediately weighed to the nearest
0.001g (designated as Wc). Then, the conditioned specimens were immersed entirely in distilled
water, maintained at 25 ± 2 °C. At 7-days interval, the specimens were removed from the water
one at a time, all surface water wiped off with a dry cloth gently and weighed to the nearest 0.0001
g (designated as Ww) immediately, and then returned to water. Each Ww is an average value
obtained from three measurements, and the final water absorption was calculated to the 0.01% as
follows:
𝑤𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒(%) =

𝑊𝑤 − 𝑊𝑐
× 100%
𝑊𝑐

3.4 Biodegradation Test
For the aerobic biodegradation test of the blends, gravimetric method was used in this
study, and the soil burial test procedures was modified from the instructions presented by Swain,
Das, & Nayak (2015), and Phua, Lau, Sudesh, Chow, Mohd Ishak (2012). The samples were cut
into 1 in x 1 in and weighed to the nearest 0.0001g (designated as wi). Then the samples were
buried in a box of soil at a depth of 2.5cm (Sample arrangement was shown in Figure 3.4). The
test was conducted at room temperature, and the moisture of soil was maintained by spraying the
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water at a 3-days interval. Every 2 weeks from the starting day, 3 specimens of each sample were
removed from the soil and washed gently by using distilled water, dried at 60 °C in a vacuum oven
for 4 hours and then cooled in a desiccator, until a constant weight (designated as wd) was obtained.
The weight loss of samples was calculated to the 0.01% as follows:
𝑊𝑒𝑖𝑔ℎ𝑡 𝐿𝑜𝑠𝑠 (%) =

𝑤𝑖 − 𝑤𝑑
× 100
𝑤𝑖

Where wd is the dry weight of the sample after being washed and wi is the initial weight
of the sample.
The container used for the soil burial test is shown in Figure 3.1. Several 0.5-inches holes
(highlighted in Figure 3.1) located on each long side and the bottom of the container to ensure the
sufficient airflow could go through the soil. The aluminum mesh sheet was used to prevent the soil
from leaking out of the holes and separate the samples for the further measurements (as shown in
Figure 3.2).

Figure 3.1 The container for soil burial test
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Sample 1

Sample 2

Sample 3

Figure 3.2 The location of aluminum mesh sheet in the container

The Espoma potting mix and compost start used in this test were obtained from the local
market, which provided a proper biodegrading environment with rich microorganisms.

Figure 3.3 Espoma potting mix & Espoma compost starter

16

(a)

(d)

(b)

(c)

(e)

(f)

Figure 3.4 Sample arrangement in the soil: a) Positive control: Cellulose paper; b) Sample
PLA20/PCL40/TPS40; c) Sample PLA30/PCL40/TPS30; d) Sample PLA40/PCL40/TPS20; e) Sample
PLA20/PCL40/TPS40/Vanillin2.5; f) Sample PLA20/PCL40/TPS40/Vanillin5
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4. Results and Discussion
4.1 Part I Analysis
The mechanical properties and biodegradability of the PLA/PCL/TPS blend were analyzed
in this part, which was to determine the optimal composition of PLA/PCL/TPS for the next step
study.
4.1.1 Mechanical properties
The tensile test results were summarized in Table 4.1. PLA has the highest modulus which
is up to 2510 MPa, whereas the elongation at break of PLA is only around 2.5 ~ 3.2 %. This also
indicated the brittleness of PLA. Compared with PLA and PCL, the overall mechanical property
of TPS is relatively poor, especially the low value of tensile strength. The mixture of 40% PCL
and 60% TPS presented a better modulus, 71.58 MPa, which is higher than both of neat PCL and
TPS. Although the value of elongation at break of PCL/TPS blend was much lower than pure PCL,
the blend still performed a good ductility. It can be seen that the presence of PLA in the blends
resulted in a noticeable increasing of modulus and tensile strength, and the modulus reached to the
highest value (543 MPa) when 40 wt% PLA was added to the blend. The tensile strength and
elongation at break increased gradually as the amount of PLA increased. There was an obvious
increase of elongation when the amount of PLA increased from 10 wt% to 20 wt%. After that, the
increase became relatively gentle.
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Table 4.1 Tensile test results of the polymers and their blends
Sample
Modulus (MPa)
Tensile strength (MPa)
PLA*
2280±230
41.6±5.0
PCL
52.45
34.73
TPS
19.92
2.49
PCL40/TPS60
71.58
6.98
PLA10/PCL40/TPS50
415.26±25.32
12.08±1.19
PLA20/PCL40/TPS40
247.17±39.25
15.92±1.81
PLA30/PCL40/TPS30
431.51±83.42
18.97±0.78
PLA40/PCL40/TPS20
543.40±109.88
23.55±1.12

Elongation (%)
2.5-3.2
2495.55
30.23
293.16
1.61±0.36
19.37±3.21
28.95±7.49
33.41±11.01

* Data from: Diaz, Carlos A.; Pao, HsunPao Y.; and Kim, Sungyoung (2016) "Film Performance of Poly(lactic acid) Blends for
Packaging Applications," Journal of Applied Packaging Research: Vol. 8 : No. 3 , Article 4. Available at:
https://scholarworks.rit.edu/japr/vol8/iss3/4

Figure 4.1 The tensile test results of PLA/PCL/TPS blends

4.1.2 Biodegradation test
The

samples

used

in

the

biodegradation

test

were

PLA20/PCL40/TPS40,

PLA30/PCL40/TPS30, PLA40/PCL40/TPS40, and the cellulose paper as the positive control. The
purpose of this biodegradation test was to determine the biodegradability of the blend PLA/PCL
with different amount of TPS. This test results combined with the mechanical properties were
analyzed to figure out the optimal composition of the PLA/PCL/TPS blend. The data of the test
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was showed in Table 4.2 and the biodegrading curves presented in the Figure 4.2. The Figure 4.3
~ 4.5 showed the samples’ appearance at each time point. The cellulose paper was fully
biodegraded in 4 weeks which was similar to other papers and thus demonstrated the efficiency of
the soil environment. As shown in the biodegradation curves, the sample PLA20/PCL40/TPS40
presented the best biodegradability, which reached 48% of biodegradation after six-weeks burial.
The trend of the curves indicated that the biodegradation of the biopolymers is linear, and the blend
degraded faster when mixed with more amount of TPS.
Since the PLA20/PCL40/TPS40 blend has the optimal performance in the biodegradation
test among all three samples, combined with the improved mechanical properties (e.g. increased
tensile strength and elongation as compared to the sample PLA10/PCL40/TPS40),
PLA20/PCL40/TPS40 was selected for analyzing the effect of vanillin as the compatibilizer on
mechanical and biodegradation properties in the further test.
Table 4.2 The biodegradation rate of the sample PLA/PCL with different amount of TPS
Week

Cellulose
paper

PLA20/PCL40/TPS40

PLA30/PCL40/TPS30

PLA40/PCL40/TPS20

1
2
4
8

24.16±2.07
63.54±4.68
100
100

8.87±0.50
14.15±1.22
28.96±1.18
48.52±1.02

7.01±1.23
12.26±1.57
26.58±0.31
44.83±0.65

6.33±0.76
10.98±0.68
26.03±1.31
41.75±1.52

Figure 4.2 Biodegradation curves of sample PLA20/PCL40/TPS40, PLA30/PCL40/TPS30 and
PLA40/PCL40/TPS20
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.3 Sample PLA20/PCL40/TPS40 removed from soil at each time point: (a) 1 week; (b) 2 weeks: (c) 4
weeks; (d) 6 weeks; (e) 8 weeks; (f) 12 weeks
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(a)

(b)

(c)

(d)

(e)

Figure 4.4 Sample PLA30/PCL40/TPS30 removed from soil at each time point: (a) 0 week, (b) 1 week, (c) 2
weeks, (d) 4 weeks, (e) 8 weeks;
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(a)

(b)

(c)

(d)

(e)

Figure 4.5 Sample PLA40/PCL40/TPS20 removed from soil at each time point: (a) 0 week, (b) 1 week, (c) 2
weeks, (d) 4 weeks, (e) 8 weeks
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4.2 Part II Analysis
In the part II, a series of tests were carried out to analyze the effect of vanillin on the
properties of the blend PLA20/PCL40/TPS40 which was selected in the part I analysis.
4.2.1 Mechanical properties
The Table 4.3 presented the tensile test results of sample PLA20/PCL40/TPS40 with
vanillin. The 2.5 wt% and 7.5 wt% of vanillin caused a decrease in modulus, while the 5 wt% of
vanillin yielded a higher value of modulus, 407MPa. The tensile strength decreased gradually with
increasing the amount of vanillin, and the decrease was slight, especially when 2.5 wt% and 5 wt%
vanillin was added. The elongation at break had an increase for PLA20/PCL40/TPS40 mixed with
2.5 wt% vanillin. However, the elongation decreased to 7.32% for the blend with 5 wt% vanillin,
which is much lower than the value of 19.37% for the PLA20/PCL40/TPS40. It should be noticed
that there were no replicates were made at this moment, but it is recommended to replicate some
of the results for the further validation.
Table 4.3 Tensile test results of PLA20/PCL40/TPS40 with different amount of vanillin
Sample
Modulus (MPa)
Tensile strength (MPa)
PLA20/PCL40/TPS40
247.17±39.25
15.92±1.81
PLA20/PCL40/TPS40/Vanillin2.5 185.77±35.33
13.85±1.18
PLA20/PCL40/TPS40/Vanillin5
407.74±43.85
13.86±1.66
PLA20/PCL40/TPS40/Vanillin7.5 198.24±20.43
11.86±0.69

Elongation (%)
19.37±3.21
22.08±5.99
7.07±0.99
15.63±2.04
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Figure 4.6 The tensile test results of PLA/PCL/TPS/Vanillin blends

4.2.2 Biodegradation test
The second part of biodegradation test was carried out from May 9th, 2018 until August
22nd, 2018. In this test, the weight of sample PLA20/PCL40/TPS40, PLA20/PCL40/TPS40 with
2.5 wt%, 5 wt% and 7.5 wt% vanillin, was measured at each time point. The measurements were
collected and converted into the biodegradation rate which shown in Table 4.4. From the results,
we can see that the cellulose paper was also fully biodegraded in four weeks, which was consistent
with the first biodegradation test. After 16-weeks burial, all the samples were fully biodegraded in
the soil, and the final appearance of samples was shown in Figure 4.13 (All specimens of each
sample removed from soil at each time point were listed from Figure 4.8 ~ Figure 4.12). Although
all the samples reached to point of 100% degraded, the degrading speed of each sample varied
25

with the amount of vanillin. In the stage before the blends completely degraded, the biodegradation
rate was higher for the sample mixed with vanillin which proved the effectiveness of vanillin in
improving the biodegradability of the blend. According to the biodegrading curves (Figure 4.7), it
can be convinced that the sample PLA20/PCL40/TPS40/vanillin5 was completely biodegraded in
a shortest period compared with other blends. In addition, the 2.5 wt% and 7.5 wt% of vanillin had
a similar effect on the biodegradation rate of PLA20/PCL40/TPS40 blend. Consequently, 5 wt%
of vanillin was the optimal amount for the PLA20/CPL40/TPS40 blend to achieve the desired
degradation.
Table 4.4 The biodegradation rate (%) of the sample PLA20/PCL40/TPS40 with different amount of vanillin
Week

PLA20/PCL
40/TPS40

PLA20/PCL40/
TPS40/Vanillin
2.5

PLA20/PCL40/
TPS40/Vanillin
5

PLA20/PCL40/
TPS40/Vanillin
7.5

Cellulose #1

Cellulose #2

1
2
4
6
8
12
16

8.87±0.50
14.15±1.22
28.31±1.18
36.77±1.53
48.52±1.02
69.24±0.96
100.00

10.27±0.2
15.60±1.75
30.23±4.31
39.12±4.65
53.62±2.67
72.35±3.85
100.00

11.94±0.25
16.28±0.67
30.04±1.32
44.58±9.23
61.88±1.98
87.62±3.24
100.00

12.86±0.38
16.20±0.36
31.28±0.29
39.86±5.33
52.91±4.07
79.34±2.18
100.00

23.88±2.82
62.53±8.06
100.00
100.00
100.00
100.00
100.00

25.64±1.30
65.92±2.88
100.00
100.00
100.00
100.00
100.00

Figure 4.7 Biodegradation curves of sample PLA20/PCL40/TPS40 with different amount of vanillin
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(a)

(b)
Figure 4.8 Samples PLA20/PCL40/TPS40 with 2.5 wt%, 5 wt% and 7.5 wt% before testing – a) Samples for
Soil Burial Test; b) Samples for Water Absorption Test
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.9 Sample PLA20/PCL40/TPS40/Vanillin2.5 removed from soil at each time point: (a) 1 week; (b) 2
weeks: (c) 4 weeks; (d) 6 weeks; (e) 8 weeks; (f) 12 weeks
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.10 Sample PLA20/PCL40/TPS40/Vanillin5 removed from soil at each time point: (a) 1 week; (b) 2
weeks: (c) 4 weeks; (d) 6 weeks; (e) 8 weeks; (f) 12 weeks
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.11 Sample PLA20/PCL40/TPS40/Vanillin7.5 removed from soil at each time point: (a) 1 week; (b) 2
weeks: (c) 4 weeks; (d) 6 weeks; (e) 8 weeks; (f) 12 weeks
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(a)

(b)

Figure 4.12 Samples removed from soil after 16 weeks
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(a)

(b)
Figure 4.13 Final presence of samples
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4.2.3 Water absorption test
The Water Absorption Test (WAT) was conducted as an ancillary test to determine the
relationship between biodegradation and hydrophilicity. In this test, different compositions of
PLA/PCL/TPS were used to research the discipline. The proportion of PCL and TPS was 40:60,
and the ratio of PLA in the blend was adjusted to present a clear difference between all samples.
According to this, the samples were PLA80/(PCL40-TPS60)20/CaCO31, PLA50/(PCL40TPS60)50/CaCO31 and PLA20/(PCL40-TPS60)80/CaCO31, respectively (Please noted: All these
samples were blended with 1 wt% CaCO3 which is not the research question of this test, further
research regarding to the discipline of CaCO3 in the bioplastic blend could be conducted in the
future). The data was collected in Table 4.5. It was discovered that the sample with more amount
of TPS had higher water uptake, which may be caused by the hydrophilicity of TPS.
In addition, the biodegradation result of sample PLA80/(PCL40-TPS60)20/CaCO31,
PLA50/(PCL40-TPS60)50/CaCO31 and PLA20/(PCL40-TPS60)80/CaCO31 was also present in
Table 4.6. The sample with more content of TPS had reached a higher biodegradation.
Thus, it can be concluded that the sample, which has a better hydrophilicity, could perform
better in biodegradation. The water uptake of the sample was positive correlated to biodegradation
performance, which is also found in the study reported by Liao & Wu (2009). The result indicated
that the water uptake test may be helpful to make a quick identification for the samples which have
better biodegradability before running the long-term biodegradation test.
Table 4.5 The water uptake (%) of the sample PLA/(PCL40-TPS60)/CaCO₃1
PLA80/(PCL40PLA50/(PCL40Weeks
TPS60)20/CaCO₃1
TPS60)50/CaCO₃1
1
2
3
4
5

1.26±0.09
1.62±0.18
1.72±0.04
2.27±0.21
1.84±0.09

3.64±0.21
4.03±0.19
3.74±0.10
3.91±0.12
3.76±0.11

PLA20/(PCL40TPS60)80/CaCO₃1
6.24±0.10
6.04±0.25
6.04±0.17
5.86±0.10
5.61±0.11
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Table 4.6 The biodegradation rate (%) of the sample PLA/(PCL40-TPS60)/CaCO₃1
% biodegradation of
% biodegradation of
% biodegradation of
Weeks
PLA80/(PCL40PLA50/(PCL40PLA20/(PCL40TPS60)20/CaCO₃1
TPS60)50/CaCO₃1
TPS60)80/CaCO₃1
3.16±0.17
22.68±2.81
31.64±0.93
2
10.02±1.11
26.87±1.26
36.51±0.54
4
12.71±0.33
30.13±1.95
40.63±1.65
6
14.15±0.60
33.07±0.99
44.9±0.51
8
16.40±1.29
33.52±1.31
50.16±3.01
10
17.38±0.89
38.70±4.50
55.28±2.92
12
18.14±0.39
47.51±13.37
56.70±3.70
14

% biodegradation
of Cellulose
61.83±
100.00
100.00
100.00
100.00
100.00
100.00

Figure 4.14 Biodegradation curves of sample PLA/PCL/TPS/ CaCO₃
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Figure 4.15 Water uptake curves of sample PLA/PCL/TPS/ CaCO₃

The water absorption test results of the sample PLA20/PCL40/TPS40 with different
amount of vanillin (shown in Table 4.7) further demonstrated the consequence mentioned above.
The sample with 5 wt% vanillin absorbed the most moisture, and it also obtained the fastest
biodegrading speed.
Table 4.7 The water uptake (%) of the sample PLA20/PCL40/TPS40 with different amount of vanillin
PLA20/PCL40
PLA20/PCL40/TPS40/
PLA20/PCL40/TPS40/
PLA20/PCL40/TPS40/
Weeks
/TPS40
Vanillin2.5
Vanillin5
Vanillin7.5
1
2
3

3.18
3.16
3.09

3.22
3.15
3.15

4.38
4.87
4.06

3.41
3.39
3.26

4.2.4 Thermal properties (DSC)
The thermal properties were tested by differential scanning calorimetry and the results were
summarized in Table 4.8. The presence of vanillin caused a slight decrease in melting temperature
of PCL and PLA. The difference was minimal when the blend mixed with 5 wt% vanillin. From
all the data collected by the DSC tests, it could be concluded that the thermal properties of the
sample PLA20/PCL40/TPS40 was not affected significantly by the presence of vanillin.
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Table 4.8 Thermal properties of PLA20/CPL40/TPS40 with different amount of vanillin

Sample
PLA20/PCL40/TPS40
PLA20/PCL40/TPS40/Vanillin2.5
PLA20/PCL40/TPS40/Vanillin5
PLA20/PCL40/TPS40/Vanillin7.5

Tm (°C)
55.68
48.95
55.20
51.21

PCL
Hm (J/g)
33.74
30.89
36.47
39.12

PLA
Tm (°C)
144.39
139.36
143.01
140.48

Hm (J/g)
6.24
8.07
7.14
7.08
(a)
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(b)

(c)
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(d)

(e)

Figure 4.16 DSC curves of Blend PLA20/PCL40/TPS40 with different amount of vanillin: a) Sample
PLA20/PCL40/TPS40; b) Sample PLA20/PCL40/TPS40/Vanillin2.5; c) Sample
PLA20/PCL40/TPS40/Vanillin5; d) Sample PLA20/PCL40/TPS40/Vanillin7.5; e) Overlay curves of all
samples
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4.2.5 Morphological characterization (TEM)
Figure 4.17 showed the TEM micrographs of the blend PLA20/PCL40/TPS40 and
PLA20/PCL40/TPS40 with 5 wt% vanillin. The graphs revealed that the smaller size of TPS were
found in the sample with vanillin. This may be caused by the presence of vanillin. More samples
with different amounts of vanillin will be needed to prove this phenomenon in the future study.
Here we found that the immiscibility among these three biopolymers was showed in both samples.
The various sizes of PCL (0.2 ~ 7 µm) particles were distributed randomly in both samples. Dark
dots (Highlighted in Figure 4.15(d)) of less than 25nm were observed in the samples with vanillin.
This may imply that the vanillin was dispersing in the mixture as opposed to migrating to the
interface which may explain the decrease in properties. Although the vanillin did help improve the
biodegradation of ternary blend PLA/PCL/TPS, the microstructure did not be modified by vanillin.
Thus, the vanillin did not act as a compatibilizer in this study.
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TPS

TPS

(a)

(b)

TPS

Vanillin

(c)

(d)

Figure 4.17 TEM pictures of blends: (a) (c) PLA20/PCL40/TPS40; (b) (d) PLA20/PCL40/TPS40/Vanillin5
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5. Conclusion
In this study, ternary blends of PLA, PCL, and TPS in different compositions were
produced by the melt-mixing method, and the mechanical and biodegradation properties were
studied to find out optimal compositions. Additionally, a natural compatibilizer (i.e., vanillin) was
mixed with a selected formulation (i.e., PLA20/PCL40/TPS40). Then the mechanical, thermal,
water absorption and biodegradation tests were conducted to analyze the effect of vanillin in the
blend. For the thermal properties, there is no significant effect caused by the vanillin. The value of
Tm and ∆Hm were kept in a relatively stable stage. The overall mechanical properties of blend
PLA20/PCL40/TPS40 were affected after mixing with vanillin. The tensile strength decreased
gradually with the increasing amount of vanillin, and the value of modulus dropped when the
amounts of vanillin were 2.5 wt% and 7.5 wt%, respectively. In addition, the 5 wt% of vanillin
yielded a lower value of elongation, compared with the original value of blend
PLA20/PCL40/TPS40. However, the modulus increased to 407 MPa and tensile strength was
maintained in a relatively ideal situation in this case. In the biodegradation test, it was confirmed
that vanillin could help to boost the biodegradation process in the aerobic soil environment. The
biodegrading time frame was shortened obviously with additional 5 wt% vanillin in the blend. And
also, the biodegradation rate of all samples was correlated with the water absorption of the blends,
which demonstrated that the biodegradability of material is positive correlated with the
hydrophilicity of materials. Thus, the water absorption test could be a quick indicator to identify
the biodegradability of different materials. The TEM images showed multiple phases indicating
the immiscibility of the component in both samples with and without vanillin. The smaller size of
TPS were found in the sample PLA20/PCL40/TPS40 with 5 wt% vanillin, and the vanillin
(dimensions less than 25nm) was dispersing in the mixture rather than migrating to the interface
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which may explain the decrease in properties. Although the presence of vanillin did help improve
the biodegradation rate of PLA20/PCL40.TPS40, it did not modify the microstructure of the blend.
Hence, the vanillin did not perform as a compatibilizer in this study.
Taking all the analysis into account, it can be concluded that the optimal amount of vanillin
is 5 wt% to improve the biodegradability of ternary blend PLA20/PCL40/TPS40, with a small
effect on the mechanical and thermal properties. The successful biodegradation performance of
this study is accorded with the sustainable requirements of the society, and it could be a possible
solution of the current serious plastic packaging problem. However, this study is limited to the
blend in the composition of 20/40/40 mixing with varied amount of vanillin. Different composition
of PLA/PCL/TPS ternary blend with certain amount of vanillin could be another investigating
direction. In addition, the vanillin was directly incorporated into the ternary blend in this study,
the way of how components are incorporated may play a role in the properties and it should be
further investigated (e.g., analyze the effect of vanillin on the properties of the binary blends). And
also, the researches on the refined processing method, promising compatibilizers and possible
packaging applications are recommended in the future.

42

Reference
US EPA, 2018. Advancing sustainable materials management: 2015 fact sheet. Retrieved from:
https://www.epa.gov/sites/production/files/201807/documents/2015_smm_msw_factsheet_07242018_fnl_508_002.pdf
Araújo, A., Oliveira, M., Oliveira, R., Botelho, G., & Machado, A. V. (2014). Biodegradation
assessment of PLA and its nanocomposites. Environmental Science and Pollution Research,
21(16), 9477–9486. https://doi.org/10.1007/s11356-013-2256-y
Carmona, V. B., Corrêa, A. C., Marconcini, J. M., & Mattoso, L. H. C. (2015). Properties of a
Biodegradable Ternary Blend of Thermoplastic Starch (TPS), Poly(ε-Caprolactone) (PCL)
and Poly(Lactic Acid) (PLA). Journal of Polymers and the Environment, 23(1), 83–89.
https://doi.org/10.1007/s10924-014-0666-7
Castro-Aguirre, E., Auras, R., Selke, S., Rubino, M., & Marsh, T. (2017). Insights on the aerobic
biodegradation of polymers by analysis of evolved carbon dioxide in simulated composting
conditions. Polymer Degradation and Stability, 137, 251–271.
https://doi.org/10.1016/j.polymdegradstab.2017.01.017
Castro-Aguirre, E., Iñiguez-Franco, F., Samsudin, H., Fang, X., & Auras, R. (2016). Poly(lactic
acid)—Mass production, processing, industrial applications, and end of life. Advanced Drug
Delivery Reviews, 107, 333–366. https://doi.org/10.1016/j.addr.2016.03.010
Davachi, S. M., Shiroud Heidari, B., Hejazi, I., Seyfi, J., Oliaei, E., Farzaneh, A., & Rashedi, H.
(2017). Interface modified polylactic acid/starch/poly ε-caprolactone antibacterial
nanocomposite blends for medical applications. Carbohydrate Polymers, 155, 336–344.
https://doi.org/10.1016/j.carbpol.2016.08.037
Davoodi, S., Oliaei, E., Davachi, S. M., Hejazi, I., Seyfi, J., Heidari, B. S., & Ebrahimi, H.

43

(2016). Preparation and characterization of interface-modified PLA/starch/PCL ternary
blends using PLLA/triclosan antibacterial nanoparticles for medical applications. RSC
Advances, 6(46), 39870–39882. https://doi.org/10.1039/c6ra07667j
Dell, R., Groeninckx, G., Maglio, G., Malinconico, M., & Migliozzi, A. (2001). Immiscible
polymer blends of semicrystalline biocompatible components : thermal properties and phase
morphology analysis of PLLA / PCL blends. Polymer, 42, 7831–7840.
Fache, M., Boutevin, B., & Caillol, S. (2015). Vanillin, a key-intermediate of biobased polymers.
European Polymer Journal, 68, 488–502. https://doi.org/10.1016/j.eurpolymj.2015.03.050
Gardella, L., Calabrese, M., & Monticelli, O. (2014). PLA maleation: An easy and effective
method to modify the properties of PLA/PCL immiscible blends. Colloid and Polymer
Science, 292(9), 2391–2398. https://doi.org/10.1007/s00396-014-3328-3
Huang, J., Cui, C., Yan, G., Huang, J., & Zhang, M. (2016). A Study on Degradation of
Composite Material PBS / PCL, 24(2), 143–149.
Liao, H. & Wu, C. (2009). Preparation and characterization of ternary blends composed of
polylactide, poly(ε-caprolactone) and starch. Material Science and Engineering A, 515,
207-214.
Maglio, G., Malinconico, M., Migliozzi, A., & Groeninckx, G. (2004). Immiscible poly(Llactide)/poly(ε-caprolactone) blends: Influence of the addition of a poly(L-lactide)poly(oxyethylene) block copolymer on thermal behavior and morphology. Macromolecular
Chemistry and Physics, 205(7), 946–950. https://doi.org/10.1002/macp.200300150
Mittal, V., Akhtar, T., Luckachan, G., & Matsko, N. (2014). PLA, TPS and PCL binary and
ternary blends: structural characterization and time-dependent morphological changes.
Colloid and Polymer Science, 293(2), 573–585. https://doi.org/10.1007/s00396-014-3458-7

44

Mittal, V., Akhtar, T., & Matsko, N. (2015). Mechanical, thermal, rheological and morphological
properties of binary and ternary blends of PLA, TPS and PCL. Macromolecular Materials
and Engineering, 300(4), 423–435. https://doi.org/10.1002/mame.201400332
Moghaddam, M. R. A., Razavi, S. M. A., & Jahani, Y. (2018). Effects of Compatibilizer and
Thermoplastic Starch (TPS) Concentration on Morphological, Rheological, Tensile,
Thermal and Moisture Sorption Properties of Plasticized Polylactic Acid/TPS Blends.
Journal of Polymers and the Environment, 26(8), 3202–3215.
https://doi.org/10.1007/s10924-018-1206-7
Muller, J., González-Martínez, C., & Chiralt, A. (2017). Combination Of Poly(lactic) acid and
starch for biodegradable food packaging. Materials. https://doi.org/10.3390/ma10080952
Ostafinska, A., Fortelny, I., Nevoralova, M., Hodan, J., Kredatusova, J., & Slouf, M. (2015).
Synergistic effects in mechanical properties of PLA/PCL blends with optimized
composition, processing, and morphology. RSC Advances, 5(120), 98971–98982.
https://doi.org/10.1039/c5ra21178f
Pawar, P. a, & Purwar, A. H. (2013). Bioderadable Polymers in Food Packaging. American
Journal of Engineering Research (AJER), (5), 151–164.
Phua, Y.J., Lau, N.S., Sudesh, K., Chow, W.S, Mohd Ishak, Z.A. (2012). Biodegradability
studies of poly(butylenesuccinate)/organo-montmorillonite nanocomposites under
controlled compost soil conditions: Effects of clay loading and compatibiliser. Polymer
Degradation and Stability, 97: 1345-1354.
http://dx.doi.org/10.1016/j.polymdegradstab.2012.05.024
Qin, Y., Liu, D., Wu, Y., Yuan, M., Li, L., & Yang, J. (2015). Effect of
PLA/PCL/cinnamaldehyde antimicrobial packaging on physicochemical and microbial

45

quality of button mushroom (Agaricus bisporus). Postharvest Biology and Technology, 99,
73–79. https://doi.org/10.1016/j.postharvbio.2014.07.018
Research and Markets. (n.d.). Global Biodegradable Plastics market - By Type, Application,
Regions - Market Size, Demand Forecasts, Industry Trends and Updates (2016-2022).
Retrieved October 17, 2017, from https://www.prnewswire.com/news-releases/global-6558billion-biodegradable-plastics-pla-starch-blends-pcl-regenerated-cellulose-pbs--pha-market2022---research-and-markets-300435781.html
Swain, P. K., Das, M., &amp; Nayak, P. L. (2015). Biodegradation studies of chitosanpolycaprolactone (PCL) nanocomposite in soil burial test. Middle-East journal of science
research, 23(2): 253-258. http://dx.doi.org/10.5829/idosi.mejsr.2015.23.02.22108
United States Environmental Protection Agency. (2018). Advancing Sustainable Materials
Management: 2015 Fact Sheet Assessing Trends in Material Generation, Recycling,
Composting, Combustion with Energy Recovery and Landfilling in the United States.
Retrieved from https://www.epa.gov/sites/production/files/201807/documents/2015_smm_msw_factsheet_07242018_fnl_508_002.pdf
Urquijo, J., Guerrica-Echevarría, G., & Eguiazábal, J. I. (2015). Melt processed PLA/PCL
blends: Effect of processing method on phase structure, morphology, and mechanical
properties. Journal of Applied Polymer Science, 132(41), 1–9.
https://doi.org/10.1002/app.42641
Wang, H., Sun, X., & Seib, P. (2002). Mechanical properties of Poly(lactic acid) and wheat
starch blends with methylenediphenyl diisocyanate. Journal of Applied Polymer Science,
84(6), 1257–1262. https://doi.org/10.1002/app.10457
Xavier, J. R., Babusha, S. T., George, J., & Ramana, K. V. (2015). Material Properties and

46

Antimicrobial Activity of Polyhydroxybutyrate (PHB) Films Incorporated with Vanillin.
Applied Biochemistry and Biotechnology, 176(5), 1498–1510.
https://doi.org/10.1007/s12010-015-1660-9
Zhang, Z. H., Han, Z., Zeng, X. A., Xiong, X. Y., & Liu, Y. J. (2015). Enhancing mechanical
properties of chitosan films via modification with vanillin. International Journal of
Biological Macromolecules, 81, 638–643. https://doi.org/10.1016/j.ijbiomac.2015.08.042

47

